The improvement of bioavailability of poorly water-soluble drugs is important for oral administration. Amorphization is one of the techniques that has been commonly used for solubility enhancement.
Effect of Pore Size of FSM-16 on the Entrapment of Flurbiprofen in Mesoporous Structures
The interaction between FSM-16 and flurbiprofen (FBP) in the mesopores of FSM-16 was investigated by using three types of FSM-16 with different pore diameters, i.e., FSM-16(Oc), FSM-16(Do) and FSM-16(Doc) (pore diameters 16.0, 21.6, 45.0 Å, respectively). Solid dispersions of 30% FBP-70% FSM-16 were prepared by solvent evaporation and sealed-heating of the physical mixture at 100°C for 6 h. Changes in the molecular state of FBP were investigated using powder X-ray diffractometry, thermal analysis and FT-IR spectroscopy. The changes in pore diameter and specific surface area of FSM-16 systems were investigated by small angle X-ray scattering and nitrogen gas adsorption. Powder X-ray diffractometry and thermal analysis revealed that FBP was adsorbed onto the mesopores of FSM-16(Do) and FSM-16(Doc), leading to an amorphous state, while no change was observed for FSM-16(Oc). Fourier-transformed IR spectroscopy showed a hydrogen bond interaction between the carbonyl groups of FBP and the silanol groups of FSM-16. The pore diameter and specific surface area of FSM-16 in solid dispersions decreased due to the adsorption of FBP. Improved dissolution of FBP from solid dispersions prepared by the evaporation and the sealed-heating methods was observed in comparison with FBP crystals.
4°C/min.
Differential Scanning Calorimetry (DSC) Differential scanning calorimetric study was performed on EXSTAR6000 DSC6200 (Seiko Instruments, Japan) using the crimp-aluminum pan. The measurement was carried out from 60 to 140°C at heating rate of 5°C/min under nitrogen gas flow.
Fourier-Transformed Infrared (FT-IR) Spectroscopy Fourier-transformed infrared spectra were measured by the KBr disc method at a resolution of 4 cm Ϫ1 for 32 scans using a JASCO FT/IR-230 spectrophotometer (Japan Spectroscopy Co., Ltd., Japan).
Small-Angle X-Ray Scattering (SAXS) Measurement The measurement was carried out on RINT-2500 X-ray diffractometer (Rigaku Corporation, Japan). Powder samples were loaded into quartz glass capillary tubes of 1.0 mm diameter. Scattering due to the apparatus and air was corrected by the subtraction of a measurement with only the capillary tube. The operation conditions were as follows: target, CuKa; filter, Ni; voltage, 50 kV; current, 100 mA, scanning range, 0.100-3.000°in steps of 0.01°; width of first slit, 0.04 mm; width of second slit, 0.03 mm; width of received slit, 0.1 mm. The analysis was performed by thickness plots.
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Specific Surface Area and Pore Size Distribution Measurement Nitrogen adsorption-desorption isotherms were recorded at Ϫ196°C on BEL-SORP 28SA (BEL Japan, Inc., Japan). Samples were heated at 30°C for 6 h under vacuum before measurement. Specific surface area was calculated according to the Brunauer-Emmett-Teller (BET) equation. Pore size distribution for the pore diameter range 2-50 nm was estimated by applying the Dollimore-Heal method to the desorption isotherm of nitrogen.
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Dissolution Study A dissolution study was performed according to the Japanese Pharmacopoeia (JP) XIV paddle method. Distilled water of 900 ml was used as a dissolution medium thermostated at 37.0°C. The paddle revolution speed was adjusted to 50 rpm. At definite intervals, 3 ml of the solution was pipetted out and filtered through 0.45 mm membrane filter. The concentration of flurbiprofen was determined spectrophotometrically at 246.4 nm using UV-visible recording spectrometer (UV-160, Shimadzu Corporation, Japan).
Results and Discussion
Three types of FSM-16 with different pore diameters (16.0, 21.6, 45.0 Å), were used to prepare physical mixtures and solid dispersions of FBP-FSM-16 in the weight ratio of 30% FBP-70% FSM-16. Figure 1 shows PXRD patterns of FBP, physical mixtures, evaporated samples and sealedheated samples of the FSM-16(Oc), FSM-16(Do) and FSM-16(Doc) systems. For the physical mixtures, the X-ray diffraction peaks due to FBP crystals were observed in all systems. The X-ray diffraction peaks of FBP crystals were also observed from the solid dispersions prepared with FSM-16(Oc) by both solvent evaporation and sealed-heating methods, indicating that FBP molecules remained in crystalline state. On the other hand, the X-ray diffraction peaks of FBP crystals disappeared in the case of evaporated samples and sealed-heated samples prepared with FSM-16(Do) and FSM-16(Doc). The DSC curves of FBP-FSM-16 systems are shown in Fig. 2 . Flurbiprofen crystals showed an endothermic peak at around 115.0°C due to the fusion. vibration at 1700 cm Ϫ1 . 23) The IR absorption peaks at 1641, 1640 and 1635 cm Ϫ1 in the spectrum of FSM-16(Oc), FSM-16(Do) and FSM-16(Doc), respectively, were attributed to water adsorbed onto FSM-16. There were no significant differences between the spectra of the physical mixtures and solid dispersions with FSM-16(Oc). The solid dispersions of FBP-FSM-16(Do) exhibited an IR peak shift of the carbonyl stretching peak from 1700 to 1713 and 1714 cm Ϫ1 for the evaporated sample and sealed heated sample, respectively. This effect was also observed in the solid dispersions prepared with FSM-16(Doc). The peak shift of carbonyl stretching vibration to higher wave number represent the breakage of intermolecular hydrogen bond of FBP dimer and might suggest the formation of new interaction between carbonyl group of entrapped FBP molecules and FSM-16 surface.
For a better understanding of the interaction of FBP-FSM-16 and the structure of FSM-16 after the adsorption of FBP, pore structure and specific surface area of samples in FBP-FSM-16(Doc) system were investigated using SAXS and nitrogen gas adsorption. Figure 4 illustrates pore size distribution curves of the samples in FBP-FSM-16(Doc) system calculated from nitrogen isotherms. Table 1 shows specific surface area and mean pore diameter of FSM-16(Doc) in various FBP-FSM-16(Doc) samples. Small angle X-ray scattering is used to investigate the structure of materials in the size range 20-1000 Å and has been applied to investigate the pore structure of porous materials. 21, 24, 25) Nitrogen gas adsorption-desorption isotherm is commonly used for the characterization of porous materials, especially for the analysis of their properties such as specific surface area, pore size, and pore volume. 26, 27) Intact FSM-16(Doc) exhibited a sharp pore size distribution curve with a mean pore diameter of 39.8 Å. A shift in the distribution curve was observed in the cases of evaporated and sealed-heated samples. The specific surface area of intact FSM-16(Doc) was found to be 1260 m 2 /g and significantly decreased to 460 and 566 m 2 /g in the case of evaporated sample and sealed-heated samples, respectively (Table 1) . Mean pore diameter of FSM-16(Doc) in both sorts of solid dispersions was found to decrease from 39.8 to 32.0 Å. Since the specific surface areas of the physical mixtures decreased to some extent, adsorption of FBP molecules into the mesoporous structure of FSM-16(Doc) during degassing was anticipated. Moreover, the decrease in the mean pore width was considered to be as a result of the shrinkage of FSM-16(Doc) mesopores due to the formation of hydrogen bonds between FBP and FSM-16(Doc) in the solid dispersions. The mean pore width of FSM-16(Doc) in the physical mixture decreased slightly, indicating that FBP adsorbs weakly onto the pore of FSM-16(Doc). Enke et al. 24) investigated the structure and texture properties of porous glasses containing different silica using nitrogen gas adsorption and SAXS measurement. They reported good agreement of the results of the pore characterization between both methods. Pikus and Kobylas 25) performed the SAXS studies of series of porous materials coated with aliphatic alcohol layer and suggested the applicability of the method in estimating the thickness of coatings in coated porous materials. In this study, SAXS measurement showed that the estimated pore diameter decreased in the order of PM, EVP, and SH. Although the mean pore diameter measured by SAXS was slightly greater than that measured by nitrogen gas isotherm, the results from both methods showed good agreement. Despite the N 2 or H 2 O adsorption on porous materials, it is difficult to show evidence that the medicine adsorbs firmly on porous materials. Therefore in our opinion SAXS is a useful technique for proving that the adsorption of active pharmaceutical ingredients occurs on the porous structure. A dissolution study was performed in water according to the JP XIV paddle method for the samples of FBP-FSM-16(Doc) system and the results are shown in Fig. 5 . Flurbiprofen crystals exhibited low dissolution rate due to their poor water solubility and poor wettability. The enhanced dissolution rate of FBP was observed in the case of evaporated and sealed-heated samples. This was because FBP molecules entrapped in FSM-16 pores in the solid dispersions were in an amorphous state and could dissolve rapidly than crystalline FBP. The use of FSM-16 should be an effective method for the amorphization of drug and might be a hopeful technique for the dissolution improvement of poorly watersoluble drugs.
